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Dedication
This manuscript is dedicated to Dr. Luis Cruz-Vera and to Heather Gentle–I cannot thank
them enough for welcoming me into their lab, serving as wonderful mentors to me, and helping
me become a better scientist.
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Abstract
The catabolism of L-tryptophan (L-Trp) in Escherichia coli is controlled by the tnaCAB
operon through a peptide-mediated ribosome arrest mechanism known as attenuation. It can be
observed that induction by L-Trp causes stalling of the ribosome by binding the nascent TnaC
peptide in the exit tunnel. However, the exact molecular mechanism that specifies L-Trp as the
inducer of this arrest event is not fully understood. The TnaC-ribosome complex is known to show
specificity for only L-Trp. The identification of other small molecules that could induce TnaCribosome stalling could reveal more information about the inducer-specificity of the binding site
as well as how conserved TnaC residues play a role in this specification. To explore whether the
TnaC-ribosome complex can recognize small molecules other than L-Trp, I monitored for
induction of eight other amino acids. My results suggest that TnaC is responsive to only L-Trp,
and not towards other amino acids were tested.
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Introduction
Peptide-mediated ribosome arrest is an attenuation mechanism in which a leader peptide
acts in cis on the translating ribosome to monitor for fluctuations in amino acid availability or other
types of small molecules by arresting its own translation. Examples of these types of peptides can
be found in all domains of life. In gram-negative bacteria, two leader peptides have been
discovered that can sense amino acids L-ornithine and L-tryptophan (L-Trp), called SpeFL and
TnaC, respecivly1.

Figure 1. Arrangement of the tnaCAB operon in E.coli2. The leader region is encoded by a small
upstream open reading frame that contains the tnaC gene and important regulatory features
including a rho utilization (rut) site, transcriptional pause sites, and rho-dependent transcription
termination sites2. Transcription of tnaCAB is regulated by catabolite repression at the tna
promoter and continuation of the transcription (through tnaAB) is positively regulated by L-Trp,
thereby creating a feedback loop.

In Escherichia coli, the catabolism of L-Trp is controlled by the tnaCAB operon through
this attenuation mechanism. Here, the leader peptide, called TnaC, monitors the cell for L-Trp to
control expression of the structural genes responsible for catabolizing Trp, therefore creating a
5

feedback loop regulating the amount of free L-Trp in the cell (Figure 1). In bacteria, transcription
and translation are coupled so that expression of the downstream genes is linked to translation of
the leader region. For this to occur as a concerted process, the engaged RNA polymerase (RNAP)
will pause in the spacer after transcribing the leader region to provide time for translation initiation.
When L-Trp levels are low, translation of the leader region will normally terminate and expose a
rut site adjacent to the tnaC stop codon. Once the ribosomal subunits dissociate, Rho factor can
bind the transcript and terminate transcription prior to the RNAP transcribing the structural genes3.
In the presence of high L-Trp, the stop codon is positioned in the ribosomal A-site during which a
single L-Trp molecule binds the nascent peptide and exit tunnel to the ribosome stall and arrest
translation termination (Figure 2). The stalled ribosome covers the rut site and prevents rho factor
from binding. This allows tnaA and tnaB to be transcribed by the paused RNA polymerase to
produce tryptophanase and tryptophan-specific permease, respectively, which will catabolize free
L-Trp in the cell, creating a feedback loop that regulates the amount of free-tryptophan3.
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Figure 2. Stalling induced by L-Trp in the ribosome exit tunnel1. As TnaC folds in the upper
tunnel of the ribosome, the tryptophan binding site is formed. A single molecule of L-Trp binds
here and stalls the ribosome. The exact molecular mechanism that specifies L-Trp as the inducer
of this arrest event is not fully understood3.

The recognition of L-Trp by ribosomes translating nascent TnaC peptides is well
documented; current literature suggests that this induction is specific to L-Trp4. What is not well
understood, however, is what other metabolites, if any, may be able to stall translation of TnaC.
Certain mutations, such as TnaC(R23F), are known to be capable of increasing TnaC’s sensitivity
for L-Trp, however, mutations that may allow TnaC to recognize small molecules other than LTrp have not been fully explored1. Sherman et al. claimed that induction of ribosome arrest by
TnaC could be induced by other amino acids: L-alanine, L-cysteine, L-glycine, L-methionine, and
L-threonine5. If other molecules are found that are able to stall translation, it would reveal much
about the mechanism behind how L-Trp is recognized by TnaC in the ribosome exit tunnel.
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Specifically, the identification of other molecules that could stall the translation of TnaC could
reveal more information about how conserved amino acids in TnaC can be altered to bind new
molecules6. Additionally, the basal effect that individual amino acids have on induction of tnaC
and the growth of E.coli cells in general would be beneficial for future research elucidating the
mechanisms of how other arrest peptides recognize the small molecule that they are specific for.
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Importance
The tnaC translational arrest mechanism within bacterial ribosomes could be used to as a
biosensor to detect other small molecules of interest. Applications of biosensors range from
clinical settings such as the detection of pathogens or drugs in body systems, to industrial
settings such as monitoring quality of water or soil7.
Once the requirements of RNP inducer specificity and the corresponding conserved
residues are better understood, the peptide could be altered so that the binding site can sense
other molecules of interest that could be sensed by TnaC, and a reporter gene could be used to
indicate the presence of the target molecule. Additionally, studying the mechanism of tnaC
translational arrest could reveal more information about other instances of peptide-mediated
translational arrest.
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Methods
To determine if induction is specific to L-Trp, eight other amino acids were screened for
induction by TnaC. To monitor for induction, a plasmid containing a tnaC tnaA’-‘reporter gene
fusion that links induction to expression of a chloramphenicol resistance gene (cat) was
transformed into W3110 E.coli cells. With this, construct translational arrest can then be identified
by measuring the optical density (OD600) of surviving cells in media supplemented with
chloramphenicol. Binding of free L-Trp induces translational arrest (induction) and the
downstream chloramphenicol resistance gene is expressed.

Figure 3. The inserted plasmid containing the tetR gene (top) and the tnaCAB operon construct
used in this study (bottom) with the chloramphenicol resistance gene fused in-frame with the 5’end of the tnaA ORF.
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Wild type TnaC sequences and a TnaC(W12R) mutant were used to confirm that tna
induction is specific to L-Trp. All TnaC peptides contain an absolutely conserved W12 residue
that is critical for forming the Trp binding site along with rRNA nucleotides and riboproteins
protruding into the exit tunnel6. Mutating this residue to encode an amino acid beside L-Trp, for
example in TnaC(W12R)8 or TnaC(W12L) peptides (unpublished data), has been shown to abolish
induction by L-Trp. In the presence of L-Trp, translation of the non-inducible mutant TnaC
peptides will terminate normally and downstream genes, including the chloramphenicol resistance
gene, would not be transcribed (and not expressed). Therefore, the TnaC(W12R) mutant would
not survive in media containing chloramphenicol, making it an ideal negative a control for an
induction screen experiment.
Each week, cells containing our constructs were streaked fresh from glycerol stocks onto
LB medium and plasmids were selected for using 10 μg/ mL tetracycline. A single colony was
picked and used to inoculate M9 Minimal media cultures supplemented with tetracycline. After
growing overnight, the density (or turbidity) of each culture was determined by measuring the
OD600 using a spectrophotometer. Cell densities were normalized to an OD600 of 0.4 each time by
diluting a volume of each culture using the following equation with fresh growth media and plated
in a UV-sterilized 96-well plate.
!"#$%& (" )** (,- µ/) =

2.35
67!""

As a control, each strain was grown with and without media supplemented with 25 µg/ mL 1methyl-L-tryptophan (1MT), or 100 μg/mL of the amino acid being tested. 1MT was used as an
analog for L-Trp because it is resistant to aminoacylation and is not incorporated into tRNATrp 8.
After plating the cells, they were incubated with the inducers for one hour at 37˚C in an orbital
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shaker to allow for accumulation of the resistance gene. Cultures were then split so that half of the
culture could be challenged by chloramphenicol. The final volumes of each well were adjusted
with minimal media supplemented with the inducer and with or without 170 μg/mL
chloramphenicol. The plates were wrapped tightly with parafilm and were then grown for 18 hours
at 37˚C with shaking, and the next day the OD600 was measured to determine the survival and
induction ratio of each culture. This procedure was repeated for each trial so that each plate
contained wild-type and W12R cells grown with and without each inducer and with and without
chloramphenicol.
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Results

Figure 4. Survival of wild-type TnaC sequences versus TnaC(W12R) sequences grown with no
inducer, 25 μg/mL 1-methyl-L-tryptophan (1MT), 100 μg/mL L-tyrosine (L-Tyr), L-cysteine (LCys), L-glycine (L-Gly), L-proline (L-Pro), L-aspartic acid (L-Asp), L-arginine (L-Arg), Lasparagine (L-Asn), or L-alanine (L-Ala) (n=8). The OD600 was measured of each culture
treated with chloramphenicol or without chloramphenicol, and from this, the average survival
(white bars) and the induction ratio, (+ inducer/ - inducer, black bars) of each culture was
calculated.
Out of all the amino acids that were tested, 1-methyl-L-Trp (1MT), the positive control,
was the only one that induced ribosome stalling. To quantitively measure induction, the induction
ratio was calculated (+ inducer/ -inducer). Across all experiments, wild-type TnaC peptides grown
with 1MT demonstrated an induction ratio of 15.90 compared to those grown without inducer,
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resulting in an average survival of 73.13 in cultures with Trp treated chloramphenicol compared
to control cultures that were not challenged by CM addition. Cells grown with 1MT saw a six-fold
increase in induction compared to L-Asp and L-Arg, an eleven-fold increase compared to L-Tyr,
a nine-fold increase compared to L-Gly, and a thirty-two-fold increase compared to L-Cys. L-Tyr,
L-Gly, L-Asp, and L-Arg showed survival ratios of 0.06, 0.08, 0.11, and 0.10 respectively in wild
type, although the OD600 was significantly (at least six-fold) lower than that of cells induced by
1MT in these instances. Cultures treated with L-Cys demonstrated significantly lower survival
than other inducers, with an average OD600 of 0.2 in both wild-type and the W12R mutant in
samples not treated with chloramphenicol compared to the control (no inducer) of 0.6. This may
be due to the toxicity of excess L-Cys to E.coli; cysteine, even in low concentrations, is known to
induce amino acid starvation in E.coli, and according to Tuite et al., cysteine inhibits the enzyme
threonine deaminase, which is required in E.coli for isoleucine biosynthesis9,10.
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Discussion
Sherman et al. suggests that other amino acids, like L-Gly, L-Cys, and L-Ala induce TnaC
ribosome stalling through cross-talk by other metabolites in the cell5. However, my data could not
complement these results: I found that these amino acids do not induce ribosome stalling. The
Sherman et al. experiment could be improved upon by increasing the number of trails or limiting
the number of variables. My results agree with existing literature, such as findings published by
Cruz-Vera et al., that suggest that L-Trp is the only amino acid capable of inducing TnaC-mediated
ribosome arrest in E. coli11,1,7.
Small molecules other than amino acids could have the potential to induce ribosome
stalling in a modified exit tunnel, and should be tested in order to create a better understanding of
the specificity of the TnaC ribosome-complex12. Further research is required to determine what
molecules can bind in the tryptophan binding site and stall translation of nascent TnaC peptides.
In addition, mutations that alter the sensitivity of TnaC, such as R23F need to be further explored.
The discovery of additional metabolites that can stall the ribosome and the discovery of different
mutations that increase TnaC’s sensitivity for L-Trp would provide valuable insight into the
mechanism behind the recognition of L-Trp by TnaC.
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